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Cross sections were measured for the near-threshold electrodisintegration of 3 He at momentum 
transfer values of q = 2.4, 4.4, and 4.7 fm _ . From these and prior measurements the transverse and 
longitudinal response functions Rt and Rl were deduced. Comparisons are made against previously 
published and new non-relativistic A = 3 calculations using the best available AW potentials. In 
general, for q < 2 fm -1 these calculations accurately predict the threshold electrodisintegration 
of He. Agreement at increasing q demands consideration of two-body terms, but discrepancies 
still appear at the highest momentum transfers probed, perhaps due to the neglect of relativistic 
dynamics, or to the underestimation of high-momentum wave-function components. 

PACS numbers: 25.30.Fj, 27.10.+h, ll.80.Jy, 21.30.-x 



I. INTRODUCTION 

During the past decade much experimental and theo- 
retical progress has been made in the study of the trinu- 
cleon system — the first non-trivial test of the adequacy of 
phenomenological NN potentials. Especially instructive 
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tests are provided by photo- and electro-disintegration re- 
actions. For example, Carlson et a/.Q] recently reviewed 
the status of the 3 He quasielastic response functions mea- 
sured in inclusive electron scattering far from the elastic 
scattering peak. In this complementary work we report 
upon the status of the kinematic region near the break-up 
threshold of 5.5 MeV. 

In the early seventies the electrodisintegration of the 
deuteron near break-up threshold was recognized^ as a 
decisive test of the understanding of meson exchange in 
the traditional picture of the AW force. This reaction 
is unusually informative because the wave functions of 
the initial and final states are relatively simple and well- 
known and, if the electron is deflected to far-backward 
angles, the break-up is dominated by a pure Ml, AT = 1 
transition. The contribution of meson exchange currents 
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(MEC) generally grows with increasing three-momentum 
transfer q: at q = 2.5 frn -1 MEC raise the threshold 
cross section by about a factor of 3; near q — 3.5 frn -1 
MEC account for nearly 100% of the transverse cross 
section due to destructive interference between the one- 
body transition amplitudes. 

Although the threshold electrodisintegration of 3 He 
aroused similar interest, it took another three decades 
before Viviani et aZ.|3| were finally able to confirm the 
importance of MEC in the trinucleon break-up. Earlier, 
Hadjimichael et aL[4| had established the need for MEC 
in the elastic cross sections, but due to the requirement 
of knowing not just the ground state wave functions, but 
also those of the continuum, the break-up poses a more 
challenging test. Following quickly on the paper by Vi- 
viani et al, additional evidence for MEC was given in 
two letters 0, M reporting asymmetry measurements for 
longitudinally-polarized electrons scattered from a polar- 
ized 3 He target. The first 5] of these measurements was 
performed near the quasielastic peak, where MEC effects 
are small. Stronger evidence for MEC was given in a sub- 
sequent paper |6J on the threshold region, where measure- 
ments at q = 1.60 and 2.27 frn -1 were presented. Near 
threshold the effect of MEC on the spin-dependent asym- 
metry is calculated to be large, and although the mea- 
surements strongly support this prediction, the agree- 
ment is not exact. On the other hand, spin-dependent 
asymmetries represent an especially demanding test of 
nuclear theory. 

The delayed confirmation of significant MEC effects 
in the trinucleon break-up stems from the recent paral- 
lel developments in precise empirical NN potentials and 
powerful theoretical methods for calculating exactly the 
A = 3 wave function. These requirements have now been 
met, with such success that we can now claim a detailed 
understanding of most of the basic properties of the trinu- 
cleon, at least at low-to-moderate energies and momenta. 

The advances in AW potentials were allowed by high- 
quality measurements and analyses of vv and np scatter- 
ing. Precise non-relativistic potentials^, H, were con- 
structed that fit the vast databases with x 2 -per-datum 
values close to unity. In addition to the usual charge- 
independent parts, charge-dependence and asymmetry 
terms were introduced to account for pp and np scatter- 
ing simultaneously. The electromagnetic parts of these 
potentials contain Coulomb, Darwin-Foldy, vacuum po- 
larization, and magnetic moment terms with finite-size 
properties. Although the calculations shown in this pa- 
per rely upon just one 8] of these potentials, the Argonne 
AV18, for the properties investigated here little sensitiv- 
ity would be expected to the differences between these 
modern potentials. 

The theoretical techniques devised to solve the three- 
body Schrodinger equation are described in two compre- 
hensive reviews [lot fll| . Monte Carlo methods, Faddeev 
techniques, and variational procedures that utilize corre- 
lated hyperspherical harmonics have all been successfully 
employed. Because theoretical predictions for the trinu- 



cleon electrodisintegration are sensitive[12j to final state 
interactions, precise representations are needed not only 
for the ground state, but also for the final continuum 
states. 

The calculations of Viviani et a/.[3j, made within 
the pair-correlated hyperspherical harmonics scheme, use 
the AV18 two-nucleon potential, supplemented by the 
Urbana-IX three-nucleon interaction|T3|. Because the 
calculations assume a pd final state, they are confined 
to the narrow excitation region between the two- and 
three body break-up thresholds at E x = 5.5 and 7.7 
MeV. Both longitudinal and transverse response func- 
tions were calculated for 3 He at q = 0.88, 1.64, and 2.47 
frn -1 , three- momentum transfer values that correspond 
to experimental results obtained by Retzlaff et aL|14| at 
the MIT-Bates accelerator. The effect of MEC is largest 
at the highest momentum transfer, q = 2.47 frn -1 , where 
the predicted transverse response function R x is doubled 
by including MEC. Even though the experimental points 
have « 35% uncertainties, the scale of the MEC enhance- 
ment is so large that the importance of exchange currents 
is firmly established. 

In this study we present: (1) A new measurement of 
the threshold transverse response function of 3 He, made 
at the highest momentum transfer probed by Retzlaff et 
al., but with uncertainties that provide a more rigorous 
test of the theoretical predictions; (2) Theoretical calcu- 
lations that include both two- and three-body break-up. 
These include a self-consistent treatment of final-state 
interactions and exchange currents; (3) Additional inclu- 
sive scattering measurements at q = 4.4 and 4.7 frn -1 , a 
kinematic region sometimes speculated to mark the on- 
set of the transition to quark-gluon dynamics; and (4) 
A new appraisal of the threshold longitudinal response 
function, facilitated by the improved information on the 
transverse. 



II. EXPERIMENT AND ANALYSIS 

The new measurements were made at the MIT-Bates 
Linear Accelerator Center at electron scattering angle 
6 = 160°, an angle where the cross section is dominantly 
transverse. Useful continuum data were obtained at ef- 
fective incident beam energies of E$ = 263, 506, and 549 
MeV, corresponding to three-momentum transfers at the 
two-body break-up threshold of q = 2.4, 4.4, and 4.7 
frn -1 . Many of the details of this experiment have been 
previously published in a report on the 3 He elastic mag- 
netic form factor |l5j. To recapitulate, the target system 
contained 4000 STP liters of 3 He cooled to 23 K and pres- 
surized to 50 atm. In order to mitigate variation in the 
3 He density due to beam heating, the gas flow was highly 
turbulent, an enlarged beam spot was used, and the beam 
current was held constant at 19 ± 1 //A. Scattered elec- 
trons were detected in a magnetic spectrometer system 
that included drift chambers for trajectory information, a 
gas Cerenkov detector and lead-glass shower counter for 
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FIG. 1: Near-threshold cross section for 3 He. measured with 
263 MeV incident electrons. The calculated 15] elastic line- 
shape, indicated by the dashed curve, has been subtracted 
from the data. The two sets of points show the cross section 
before and after continuum radiative corrections. Arrows in- 
dicate the two- and three-body break-up thresholds. 



particle identification, and three layers of plastic scintil- 
lators for triggering and timing. 

Figure ^ shows the threshold cross section measured 
with 263 MeV incident electrons, plotted as a function of 
excitation energy. Experimental backgrounds have been 
removed, and corrections applied for dead-time losses and 
detector inefficiencies. The 3 He elastic peak and its cal- 
culated radiative tail have also been subtracted. As may 
be seen, in this kinematic region the elastic radiative tail 
is small. The two- and three-body break-up thresholds 
are indicated on the figure. Due to the experimental en- 
ergy resolution, which results mainly from the straggling 
of electrons travelling different paths within the thick gas 
target, the continuum cross section begins to rise just be- 
fore the two-body break-up threshold. 

To expedite the comparison of the data to theoretical 
predictions, corrections were also made for energy lost 
by the electron in radiative processes, occurring before, 
after, or during the primary electro-nuclear interaction. 
In our experiment the overall effect of these processes is 
to decrease the cross sections measured near threshold. 

Radiation corrections were applied using the contin- 
uum unfolding procedure of Mo and Tsaijlq as imple- 
mented by Miller Even though our target material 
is \ow-Z, the radiative corrections turn out to be large. 
In principle, these are precisely calculable, but this re- 
quires data more extensive than our limited measure- 
ments. Hence we have, in part, had to rely on approxi- 
mations and models to evaluate the radiative corrections. 
Nevertheless, the uncertainties in the calculated correc- 
tions are expected to be always smaller than the statis- 



tical uncertainties of the data. Figure ^ shows the re- 
sult of radiative unfolding for the spectrum measured at 
Eq = 263 MeV; The table lists the radiation-unfolded 
spectra for all three beam energies. 



III. RESULTS 

A. Systematics of the transverse response 
function Rt 

In this section we examine the systematic dependence 
of available experimental information on Rt as a func- 
tion of incident beam and excitation energies. The 
radiatively-unfolded, inclusive electron scattering cross 
sections depend on the longitudinal and transverse re- 
sponse functions according to 



d 2 a(E ,E x ) _ d 2 a Mo tt 



dVLdE 1 
< R L (q,E x 



dfldE' 
1 



tan 



Rt (q,E x ] 



In the threshold region only Retzlaff et al. 14] and 
Kobschall et al. 18] have published separated longitudi- 
nal and transverse functions for 3 He. Nevertheless, due 
to the large size of the transverse kinematic factor at 
backward scattering angles, additional information on 
Rt is provided by the spectra measured at 8 = 180° by 
Jones et a/.[l9( and by our 8 = 160° spectra. Chertok et 
al. 20] published one additional 180° spectrum, however 
this lacks continuum radiative corrections, and, in any 
case, is superseded by the later measurements of Jones 
et al. made at the same laboratory. Additional spectra 
were obtained by Kan et al. [2l| , but at smaller scattering 
angles where the longitudinal response function is more 
strongly weighted than the transverse. 

For 180° electron scattering the longitudinal response 
function is negligible and the transverse response can be 
deduced using 



R T (E , E x 



2Eo 
a 



d 2 cr (Eq, E x ) 
dVLdE 1 



Note that the response obtained in this way is given as 
a function of incident beam energy Eq, not the three- 
momentum transfer q. However, for the electron beam 
energies considered here, q changes slowly in the vicinity 
of the break-up threshold. 

At the 160° angle of our Bates data, longitudinal con- 
tributions to the (e,e') cross section are still small. Based 
on the results of Retzlaff et al. and our new calculations, 
longitudinal contributions to the spectrum measured at 
Eq = 263 MeV are < 3.5%. These estimated compo- 
nents have been subtracted from the data. No similar 
allowance has been made for longitudinal contributions 
to data obtained at 506 and 549 MeV, but according to 
our calculations these are even smaller. 
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TABLE I: Cross sections and errors (in parentheses) for radiation-unfolded cross sections measured in this work. 





E = 263 MeV 




E = 506 MeV 




E = 549 MeV 


E x 


daldQ.dE' 


Ex 


da/dQdE' 


Ex 


da/dfldE' 


MeV 


pb/sr/MeV 


MeV 


fb/sr/MeV 


MeV 


fb/sr/MeV 


2.17 


0.0 (1.4) 


2.58 


0.6 (1.8) 


2.79 


-0.3 (0.8) 


2.42 


0.7 (1.4) 


3.58 


0.4 (1.3) 


4.29 


-0.2 (0.7) 


2.67 


1.9 (1.3) 


4.58 


0.4 (1.1) 


5.79 


1.4 (0.9) 


2.92 


1.4 (1.3) 


5.58 


1.5 (1.2) 


7.29 


3.1 (1.1) 


3.17 


-0.8 (1.1) 


6.58 


3.1 (1.4) 


8.79 


9.1 (1.7) 


3.42 


0.9 (1.2) 


7.58 


5.8 (1.7) 


10.29 


12.6 (2.0) 


3.67 


3.0 (1.2) 


8.58 


14.5 (2.5) 


11.79 


16.1 (2.2) 


3.92 


2.0 (1.1) 


9.58 


17.8 (2.8) 


13.29 


24.0 (2.7) 


4.17 


1.5 (1.1) 


10.58 


27.5 (3.4) 


14.79 


24.4 (2.8) 


4.42 


1.1 (1.0) 


11.58 


36.5 (3.9) 


16.30 


36 (3) 


4.67 


1.3 (1.0) 


12.58 


40 (4) 


17.80 


41 (4) 


4.92 


0.8 (1.0) 


13.58 


54 (5) 


19.30 


44 (4) 


5.17 


3.3 (1.1) 


14.58 


64 (5) 


20.80 


47 (4) 


5.42 


5.4 (1.2) 


15.58 


68 (5) 


22.30 


57 (4) 


5.67 


7.3 (1.2) 


16.58 


84 (6) 


23.80 


58 (4) 


5.93 


5.4 (1.1) 


17.58 


87 (6) 


25.30 


60 (5) 


6.18 


9.2 (1.3) 


18.59 


96 (7) 


26.80 


78 (5) 


6.43 


9.5 (1.3) 


19.59 


101 (7) 


28.30 


78 (5) 


6.68 


12.3 (1.4) 


20.59 


102 (7) 


29.80 


92 (6) 


6.93 


12.8 (1.4) 


21.59 


130 (8) 






7.18 


14.6 (1.5) 


22.59 


142 (8) 






7.43 


15.7 (1.5) 


23.59 


157 (9) 






7.68 


17.4 (1.6) 


24.59 


155 (9) 






7.93 


19.9 (1.6) 


25.59 


169 (9) 






8.18 


25.7 (1.8) 


26.59 


182 (9) 






8.43 


21.7 (1.7) 


27.59 


210 (10) 






8.68 


23.6 (1.7) 


28.59 


212 (10) 






8.93 


26.3 (1.8) 


29.59 


228 (11) 






9.18 


30.4 (1.9) 










9.43 


30.5 (1.9) 










9.68 


33.3 (2.0) 










9.93 


34.7 (2.0) 










10.18 


34.4 (2.1) 










10.43 


40.4 (2.2) 










10.68 


35.5 (2.1) 










10.93 


39.0 (2.2) 










11.18 


41.7 (2.2) 










11.43 


43.7 (2.3) 










11.68 


48.1 (2.4) 











Selected results for R T are compiled as a function of q 
and E^. in Fig.El As noted above, for the results of Jones 
et al.]V$ and our 160° Bates experiment, the value of q 
changes slowly with E. x , decreasing by about 0.045 fm _1 
between the break-up threshold at E x = 5.48 MeV and 
E x = 15 MeV. For these results the q- values indicated 
on the plot were calculated at the three-body break-up 
threshold of 7.7 MeV. 

In the threshold region Rt peaks at q ~ 1 fm — x , and 
by q = 4.5 fin - has decreased by 4 orders of magni- 
tude. For q < 1 fm _1 there is a tendency for Rt to be 
broadly peaked in the range E x = 10 — 20 MeV. This 
resembles the distribution of resonant El strength seen 
in photoabsorption measurements, and which is convinc- 
ingly explained by very recent Faddeev calculations [22j 



that use the AV18 NN potential. Indeed, El strength will 
also be large in inclusive electron scattering at q < 1.5 
fin , although, at low-g multipoles other than El are 
predicted to make sizeable near-threshold contributions. 
For example, early calculations of two-body electrodisin- 
tegration by Heimbach et al. 23] indicated considerable 
M2 strength in the region E x < 20 MeV at q w 0.5 far 1 . 
Additional smaller contributions were obtained from the 
Ml and M3 multipoles. 

For q > 2 fin -1 , the near-threshold Rt increases mono- 
tonically with increasing E x . At still higher momen- 
tum transfers quasifree scattering becomes the dominant 
reaction mechanism and, notwithstanding resonance ef- 
fects, final-state interactions, and phase-space suppres- 
sion close to threshold, the monotonic rise seen in the 
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FIG. 2: Systematics of near-threshold cross sections mea- 
sured in three experiments. All spectra are radiatively cor- 
rected. The results of Retzlaff et al. are for a constant value 
of three-momentum transfer q. As discussed in the text, for 
the other spectra q changes slowly with E x . For these spectra 
the indicated q- values correspond to the three-body break-up 
threshold of 7.7 MeV. 



data taken at E = 506 and 549 MeV has the appear- 
ance of the high-momentum tail of the quasielastic peak. 
This tail is of considerable interest since it provides in- 
formation on elusive high-momentum components of the 
nuclear wave function |24|. In order to test the quasielas- 
tic hypothesis we examined the data to see if the cross 
section scales with y, the initial momentum component 
parallel to q that would be carried by a quasielasti- 
cally scattered nucleon. Such scaling is the signature 
of quasifree scattering |3 113 • As shown in Fig. |3 even 
though the momentum transfer is sufficiently high, our 
results lie outside the band that corresponds to asymp- 
totic y-scaling. We conclude that, even at the relatively 
large q of our measurements at 506 and 549 MeV, exci- 
tation energies of 25 MeV are insufficient to assure the 
dominance of quasifree scattering. 



B. Comparison of Rt results with Faddeev 
calculations that include final-state interactions 

The non-relativistic calculations to which we compare 
our new spectra are similar to those presented in a pre- 
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FIG. 3: Present data, converted to the quasielastic scaling 
function F (y), where y is the initial momentum component 
parallel to q that would be carried by a quasielastically scat- 
tered nucleon |25|. Large values of y correspond to large E x . 
Our results lie outside the indicated narrow band 25] corre- 
sponding to asymptotic {/-scaling, indicating that quasifree 
scattering is not dominant in our kinematic range. From 
lowest to highest beam energies, the average four-momenta 
transfer for the data are Q 2 = 0.22, 0.71, and 0.80 (GeV/c) 2 . 



vious paper 26]. As described there, bound and contin- 
uum pd and ppn wave functions were obtained by solv- 
ing Faddeev-like integral equations in momentum space. 
All final-state interactions are rigorously included. The 
present calculation is improved in two ways. First, rather 
than the older-generation Bonn potential, we use the 
updated Argonne AV18 NN interaction, and second, 
we include MEC contributions, evaluated using Riska's 
prescription 27]. Most importantly, for these calcula- 
tions the final-state interactions and exchange currents 
are fully consistent with the NN interaction potential. 

The theoretical calculations were performed on the 
Cray SV1 of the NIC in Jiilich, Germany and the NERSC 
Computational Facility, USA. Despite the computational 
power of these facilities, the long CPU times required 
for the calculations limited what could be achieved. The 
main results are plotted in Fig.^J For 263 MeV the agree- 
ment with the data could scarcely be better. These new 
theoretical predictions may also be compared to the pd 
breakup calculations by Viviani et aL0 that utilize the 
same NN potential, but which were carried out by means 
of pair-correlated hyperspherical harmonics, not by solv- 
ing Faddeev equations. Motivated by the data of Retzlaff 
et aZ.[3i Viviani et aZ,'s calculations were performed for 
a momentum transfer 3.4% higher than that of our 263 
MeV measurements. Nevertheless, when this difference 
is taken into account using the g-dependence given by 
Viviani et al, it is found that the Faddeev and hyper- 
spherical harmonic calculations, both with and without 



6 




5 10 15 20 25 

E x (MeV) 



FIG. 4: Comparison of present experimental results with 
our new Faddeev calculations that use the AV18 NN interac- 
tion. As explained in the text, these calculations include both 
two- and three-body break-up channels, with a self-consistent 
treatment of final state interactions. Dashed curve: one-body 
current only; solid curve: one- and two-body currents; dot- 
dash: relativistic one-body currents. 



MEC, arc almost indistinguishable in the E x = 5.5 — 7.7 
MeV range where comparison is valid. It is reassuring 
to note that our new Faddeev calculation of the three 
body final state continues to agree well with the data 
up to the highest excitation energy. According to an 
earlier calculation |26J based on the previous-generation 
Bonn B interaction, the three-body contribution to Rt 
grows relatively slowly above threshold: at E x = 18 MeV 
and q = 0.88 fm _1 , it amounts to just half the two-body 
contribution. 

The agreement of the two calculations, in addition to 
the agreement with the data, does more than simply con- 
firm the importance of MEC in the 3 He break-up — it 
underscores how accurate these modern calculations can 
be — to a point. As indicated in Fig. 0] the theoretical 
prediction is less satisfactory for the higher beam energy 
of 506 MeV. Here, the relatively flat contribution of the 
non-relativistic one-body current is modified — in the cor- 
rect sense — by interference with MEC. Above E x = 19 
MeV the interference is constructive; below 19 MeV it is 



strongly destructive. (This contrasts strongly with the 
effect of MEC on the 263 MeV spectrum.) Although this 
leads to the correct shape, the predicted Rt is about a 
factor of 2 too low throughout the threshold region. 

Several factors may account for this discrepancy. For 
example, the use of non-relativistic dynamics is question- 
able at such energies. To investigate this we performed 
an exploratory calculation in which the one-body cur- 
rent only was treated relativistically, and even this in a 
manner formally inconsistent with the NN interaction. 
Figure 01 shows that this device leads to an even poorer 
prediction of the data. Moreover, the momentum trans- 
fers of our 506 and 549 MeV spectra probe small wave 
function components well beyond the Fermi momentum. 
These components are usually negligible, but their ef- 
fects can be magnified in scattering at large q, as shown 
in an analysis of quasifree scattering by Sick, Day, and 
McCarthy|24|. From this work it was deduced that the 
"exact" 3 He wave functions obtained from realistic NN 
interactions have high-momentum components that are 
too small. 

A further indication of theoretical difficulties at large q 
is evident in the observation^^ that the first diffraction 
minimum in the elastic magnetic form factor of 3 He is 
located near q = 4.2 fm _1 , somewhat higher than pre- 
dicted by current theories. 



C. (/-dependence of Rt 

Viviani et aZ.JJ have calculated the g-dependence of 
Rt at a fixed 1.0 MeV excitation above the pd threshold. 
However, due to the small size of the experimental cross 
section near threshold, it is unpractical to compare to this 
prediction. A more reliable comparison may be made 
by integrating Rt in the range 5.5 < E x < 7.7 MeV, 
where break-up is confined to the pd channel evaluated by 
Viviani. Our integration of the theory assumes a linear 
dependence for Rt on E x — an assumption supported by 
the near-threshold calculations. 

The results are shown in Fig. O With the exception of 
the two high-g points, excellent quantitative agreement 
is again obtained. As previously noted, the MEC con- 
tribution grows at higher q. For q < 3.4 fm" 1 MEC 
terms interfere constructively with the one-body matrix 
elements, raising the prediction by up to a factor of 3. At 
higher q the interference is destructive, an interpretation 
supported by the two high-g points, irrespective of the 
lack of exact quantitative agreement: near q — 4.5 fin -1 
the data lie far below the one-body prediction. 

The change in the interference from constructive to de- 
structive agrees with our new theoretical predictions, as 
indicated in Fig. 0] But note that the destructive inter- 
ference is confined to low excitation energies: at large E x 
the interference remains constructive, a prediction con- 
firmed by the data. 
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FIG. 5: Dependence on three-momentum transfer q of Rt, 
integrated over the range 5.5 < E x < 7.7 MeV. The exper- 
imental points are compared with the two-body final state 
calculations by Viviani et aZ.|JJ Dashed curve: one-body cur- 
rents only; solid curve: one- and two-body currents. The 
experimental error bars include systematic uncertainties in 
the cross sections, as well as uncertainties in E x . Where not 
shown, the errors are comparable to the size of the points. 
Additional experimental information on Rt was obtained by 
Kobschall et al.^^, but close to threshold these results have 
very large uncertainties. 



D. Longitudinal response function 

Unlike the slow and monotonic rise of the transverse re- 
sponse function, the longitudinal response rises abruptly 
in the first 2 MeV above thresholdfli Hll2l| . a feature 
attributed |2l| to a 2 S S Coulomb monopole transi- 
tion. This behaviour is illustrated in Fig. which re- 
produces the experimental results of Retzlaff et al.\i^. 
obtained at q = 2.47 fm _1 . Our calculation for this mo- 
mentum transfer has the right shape, but exceeds the 
data by about a factor of 2. In part, this is attributed to 
our neglect of the Coulomb barrier that would suppress 
the emission of low-energy protons. Indeed, as shown in 
the figure, the calculation of the pd electrodisintegration 
by Viviani et al. 3], which includes the Coulomb term, 
lies closer to the data. 

Still better agreement is obtained by including two- 
body charge operators. As noted by Viviani et al., these 
operators have relativistic origins and should properly be 
evaluated by including, in a self-consistent way, relativis- 
tic effects in both the interaction models and the nuclear 
wave functions. Lacking such a method, the only recourse 
is to perform a model-dependent calculation. This con- 
trasts with the evaluation of the two-body current oper- 
ators that contribute to the transverse response where, 
according to the classification scheme of Riskaj^, the 
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FIG. 6: Longitudinal response function of He, for q = 2.47 
fm-1. The experimental points of Retzlaff et aZ.[l4l| are com- 
pared to the dp final state calculations by Viviani et a/.Q. 
The dashed curve is for the one-body part only, whereas the 
solid curve includes two-body charge terms. The present cal- 
culation is a one-body result for both two- and three-body 
break-up with full calculation of final state interactions. 



main parts of these operators are fixed by current con- 
servation. 

Nevertheless, as Fig.[5]shows, even with the inclusion of 
the Coulomb and two-body charge terms, the best avail- 
able theoretical result still exceeds the data by roughly 
50%. This is a small but notable blemish in what other- 
wise is a remarkably precise and comprehensive theoret- 
ical description of the 3 He threshold photo- and electro- 
disintegration. It emphasizes the potential value of a 
more rigorous treatment for the two-body charge opera- 
tors. Further evidence for this comes from the efforts of 
Schiavilla and collaborators ^3H^|, to predict the charge 
form factors of A — 3 and A = 4 nuclei. 

Figure [3 shows the threshold q-dependence of Rl- As 
for Fig. [SJ we have integrated the experimental and the- 
oretical response functions in the range 5.5 < E x < 7.7 
MeV, where break-up is restricted to the pd channel. Our 
integration in this case takes note of the curvature in the 
dependence of Rl on E x . According to the calculations 
of Viviani et aL[3j, this diminishes at large q. The ex- 
perimental points in Fig. [7| include the results of Retzlaff 
et aZ.Q, Kobschall et aL|l8|. and Kan et q/.pl|. Kan 
et al. were unable to extract Rl from their limited mea- 
surements, however, by virtue of the now-precise knowl- 
edge of Rt at the g-values of their measurements, this 
separation becomes possible. 

As the plot shows, for q < 2 fm _1 the agreement be- 
tween experiment and theory is generally excellent, while 
the significance of the discrepancy with Retzlaff 's point 
at q = 2.47 fm _1 has been discussed in some length. The 
disagreement for the lowest-*? point of Kan et al. can per- 
haps be attributed to uncertainties inherent in a > 50% 
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FIG. 7: Dependence on three-momentum transfer q of Rl, 
integrated over the range 5.5 < E x < 7.7 MeV. The experi- 
mental points are compared with the two-body final state cal- 
culations by Viviani et al. 3] Dashed curve: one-body terms 
only; solid curve: sum of one- and two-body terms. Where 
not shown, the errors are comparable to the size of the points. 



transverse subtraction. For other points, the transverse 
contribution is typically < 20%. 

IV. SUMMARY 

For q < 3 fm -1 , exact non-relativistic calculations us- 
ing the best available NN potentials give a very good 
description of measurements of the 3 He threshold elec- 
trodisintegration. At low momentum transfer one-body 
matrix elements predominate, but as q increases the two- 
body contribution grows significant, particularly in the 
transverse part of the cross section. For example, at 
q = 2.4 fm , corresponding to one of the three new 
measurements reported here, the inclusion of two-body 
terms raises the predicted Rt by a factor of two, bring- 
ing the theory into close agreement with the data — proof 
that our understanding of MEC is accurate. 

According to the near-threshold theoretical predictions 
for Rt, at q ~ 3.5 fm -1 the interference between one- and 
two-body terms switches from constructive to destruc- 
tive. This is supported by our two other measurements, 
made at q w 4.5 fm -1 . These points fall about a factor 
of 7 below the one-body prediction, but the destructive 



interference with two-body current terms lowers the pre- 
diction. That it still exceeds the data by a factor of two 
suggests the need for a more complete interference, but 
other factors cannot be overlooked. 

For example, the high-g measurements are in a kine- 
matic region sensitive not only to relativistic effects, 
but also to high-momentum wave function components, 
which, as indicated by quasifree scattering results, may 
be too small in "exact" wave functions obtained from 
realistic NN interactions. A pointed indication of the 
importance of relativistic effects is found in the analy- 
sis of Viviani et al. [J of the longitudinal response func- 
tion at q = 2.47 fm . Close to threshold there exists a 
factor-of-two disagreement between the one-body predic- 
tions and experimental values of Rl. This disagreement 
is reduced, but not entirely resolved, by considering two- 
body charge matrix elements. These are equivalent to 
relativistic corrections. At this time estimates of these 
corrections are model-dependent: the discovery of a rig- 
orous, self-consistent procedure for evaluating relativis- 
tic effects poses a considerable challenge. As has been 
repeatedly noted, a relativistic formulation of effective 
hadronic theory is essential for a satisfactory understand- 
ing of the transition from hadron to quark regimes. 

Additional measurements are needed to guide the the- 
oretical development, particularly above q = 2 fm , 
where few data currently exist. An upcoming experiment 
in Hall A at Jefferson Laboratory[2Jj is aimed at mea- 
suring the elastic form factors of 3 He and 4 He, starting 
at about 4.5 fm -1 . Unfortunately, broad energy resolu- 
tion will limit what can be learned about the threshold 
break-up. 

Especially valuable would be a new measurement of 
the 3 H isobar, for which existing data are very sparse. 
One useful simplification offered by 3 H is the absence 
of a Coulomb interaction — difficult to incorporate into 
Faddeev calculations — between the break-up products. 
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